Nanoparticles of Ni carbide of about 50 nm in diameter were synthesized by the reduction of Ni salt in a polyol solution in the presence of polyvinylpyrrolidone (PVP). It was found that the aggregation of nanoparticles was suppressed when PVP was added to the polyol solution during synthesis. Diffraction peaks of the fcc and hexagonal structures were observed for the specimen synthesized without PVP. On the other hand, no peaks assigned to the fcc structure and no spontaneous magnetization were observed for the specimen synthesized with 50 g/L PVP, although pure bulk Ni are fcc structure and ferromagnetic at room temperature. Additionally, small peaks were observed in the X-ray diffraction pattern at 2ª = 26.2, 35.7 and 47.8°, originated not from the impurity phase but from the hexagonal phase. The specimen synthesized with 50 g/L PVP was fundamentally identified as Ni carbide with a Ni 3 C-type structure, as small peaks mentioned above were assigned to superlattice peaks. The structure parameters of the Ni carbide were refined by Rietveld analysis. It is concluded that the formation of the Ni carbide nanoparticles with Ni 3 C-type structure in the polyol solution is enhanced by the addition of PVP.
Introduction
Various types of nanoparticles have attached much attention due to their possible application in the field of nanotechnology. Several studies have been made on the synthesis of carbide nanoparticles such as SiC, TiC, VC, Fe 3 C, ZrC, NbC, HfC and TaC as well as metallic nanoparticles, 15) because these are promising for use as hard materials, catalysts and wide-band gap semiconductor materials. A synthesis method of carbide nanoparticles should be examined extensively because of their high potential.
The synthesis of Ni nanoparticles has been examined significantly. 623) Results have shown that synthesized nanoparticles contain a hexagonal phase in several investigations, while a bulk Ni metal has an fcc structure. In addition, the saturation magnetization of hexagonal phase has been reported to be much smaller than that of bulk Ni metal. 717, 20, 23) The hexagonal phase has been characterized as Ni carbide with a Ni 3 C-type structure by some investigations using X-ray diffraction, 11, 14, 16, 19, 21, 23) high-resolution transmission electron microscopy 14, 20, 22, 23) and hard X-ray photoelectron spectroscopy. 11, 12) However, the hexagonal phase has been identified as metallic Ni by several investigations. 810, 13, 15) In other words, it is still controversial as to whether the hexagonal phase is Ni carbide or metallic Ni in many investigations because the X-ray diffraction pattern in the International Center for Diffraction Data (ICDD) database of the former is very similar to that of the latter. 12, 17) It is required to establish the synthesis condition of hexagonal phase and to characterize it in detail.
To obtain the hexagonal phase, we focused on precipitated particles synthesized by the reduction of Ni salt in a polyol solution. It has been reported that the volume fraction of the hexagonal and fcc phases in precipitated particles can be controlled by adjusting the reaction conditions in Ni saltpolyol system. 7) For example, the volume fraction of the hexagonal phase in precipitated particles increases with decreasing Ni salt concentration. 7) Moreover, the volume fraction of the hexagonal phase in precipitated particles obtained at a relatively high reaction temperature is more than that obtained at a relatively low reaction temperature. It has been suggested that the volume fraction of the hexagonal and fcc phases is influenced by the precipitated particle size in the polyol solution 7, 9) because the precipitated particle size becomes smaller with decreasing the Ni salt concentration and with increasing reaction temperature.
In this study, the control of the precipitated particle size in the polyol solution was examined under the constant values of the Ni salt concentration and the reaction temperature by using different amounts of dispersant. According to the crystal structure data of thin Ni carbide film investigated by electron diffraction, 24, 25) small super-lattice peaks are expected in the X-ray diffraction pattern of Ni carbide nanoparticles with a Ni 3 C-type structure, although such peaks are not indicated in the X-ray diffraction pattern in the ICDD database. The X-ray diffraction pattern of the hexagonal phase synthesized in the polyol solution was characterized in detail.
Experiment
The specimens were synthesized in 100 ml of tetraethylene glycol solution containing 0.005 mol/L of Ni acetate tetrahydrate. Polyvinylpyrrolidone (PVP) was added to the solution as a dispersant. The reaction temperature and duration were 563 K and one hour, respectively. The precipitated particles were separated from the solution by centrifugation and washed in ethanol. The particle morphology and crystal structure of specimens were characterized by scanning electron microscopy and X-ray diffractometry with Cu-K¡ radiation, respectively. The X-ray diffraction data were collected in the 2ª region from 20 to 120°with a step interval of 0.04°. The diffraction patterns were analyzed by a Rietvelt analysis program. Magnetic measurements were made with a superconducting quantum interference device (SQUID) magnetometer and a vibration sample magnetometer (VSM). Figure 1 shows SEM images for specimens synthesized with different amounts of PVP. The specimen synthesized without PVP had aggregated particles more than 600 nm in diameter. Though aggregated particles were observed for the specimen synthesized with 15 g/L PVP, as shown in Fig. 1(b) , their diameter is smaller than that for the specimen synthesized without PVP in Fig. 1(a) . In addition, a part of the specimens consists of dispersed nanoparticles of about 50 nm in diameter, as seen in Fig. 1(c) . Therefore, aggregation is suppressed by the addition of PVP. The dispersed nanoparticles of about 50 nm in diameter are mainly obtained by the addition of 50 g/L PVP, as shown in Fig. 1(d) .
Results and Discussion
The X-ray diffraction patterns for the specimens synthesized with different amounts of PVP and the enlarged version of the same in the 2ª range between 25 and 55°are presented in Figs The diffraction peaks of the fcc and hexagonal phases are observed for the specimen synthesized without PVP. The peak intensities of the fcc phase are decreased with increasing amounts of PVP. As a result, no peaks assigned to the fcc structure are observed for the specimen synthesized with more than 15 g/L PVP, as shown in Fig. 2(b) . Accordingly, the volume fraction of the fcc phase is decreased by the addition of PVP.
It is well known that metallic Ni with the fcc structure is ferromagnetic and possesses a saturation magnetization of about 55 emu/g at room temperature. On the other hand, the hexagonal phase synthesized in the polyol solution has been characterized as non-magnetic because the saturation magnetization becomes lower as the volume fraction of the hexagonal phase increases with decreasing Ni salt concentration. 7) Since the saturation magnetization for the fcc phase is much larger than that for the hexagonal phase, the magnetization measurement is meaningful to examine the influence of PVP on the volume fraction of the fcc phase in more detail. for the specimen synthesized with 15 g/L PVP. In addition, no spontaneous magnetization is observed for the specimen synthesized with 50 g/L PVP. These results indicate that the specimens synthesized with 15 and 30 g/L PVP contain small fraction of the fcc phase, though the diffraction peaks corresponding to the fcc phase are not observed for the specimen synthesized with more than 15 g/L PVP in Fig. 2 . The fcc phase almost disappears by the addition of 50 g/L PVP. However, the specimen synthesized with 50 g/L PVP is not identified as Ni carbide with a Ni 3 C-type structure nor metallic Ni with a hexagonal structure by the ICDD database because small peaks were observed at 2ª = 26.2, 35.7 and 47.8°in the diffraction pattern, as indicated by arrows in Fig. 2(b) . These peaks were not assigned as any Ni oxides. Previously, it has been reported that the hexagonal phase synthesized in the polyol solution changes to the fcc phase by annealing. 7) Hence a significant change of magnetization due to the crystallographic transition is expected by annealing for the specimen synthesized with PVP. To appear the crystallographic transition temperature, Fig. 4 presents the thermomagnetization curves in a magnetic field of 1 T for the specimen synthesized with 50 g/L PVP. The heating and cooling processes are indicated by the arrows. The assigned numbers are the measurement sequence. The inset shows the magnetization curve at room temperature after thermomagnetization measurements. As shown in thermomagnetization curve ①, the magnetization exhibits an increase at 675 K. Thermomagnetization curve ② exhibits an increase of magnetization with decreasing temperature. Similar ferromagnetic behavior is observed in thermomagnetization curves ③ and ④. From thermomagnetization curves ②, ③ and ④, the Curie temperature T C is estimated to be about 630 K, which corresponds to T C = 630 K of the metallic Ni with fcc structure. In addition, the saturation magnetization at room temperature after thermomagnetization measurement is about 55 emu/g, which is also very close to that for metallic Ni with an fcc structure. Therefore, the crystallographic transition from hexagonal to fcc in the specimen synthesized with 50 g/L PVP occurs around 675 K.
To investigate the relationship between the diffraction peaks indicated by the arrows in Fig. 2(b) and the hexagonal phase, Fig. 5 presents the X-ray diffraction patterns for the specimen synthesized with 50 g/L PVP before and after annealing at 723 K. In addition, the inset shows the diffraction patterns enlarged in the 2ª range between 25 and 55°. The diffraction peaks of the hexagonal phase disappear after annealing at 723 K. In addition, the diffraction peaks at 2ª = 26.2, 35.7 and 47.8°also disappear after annealing at 723 K, as shown in the inset in Fig. 5 . Thus, the specimen annealed at 723 K is identified as the fcc single phase. It is suggested that the diffraction peaks indicated by arrows in Fig. 2(a) and the inset in Fig. 5 originate not from the impurity phase but from the hexagonal phase.
Thin Ni carbide film with the Ni 3 C-type structure has been made by annealing of thin Ni film with the fcc structure in a CO gas stream, and its crystal structure has been analyzed by electron diffraction. 24, 25) It has been proposed that the crystal structure of Ni 3 C belongs to the space group R 3c and that Ni atoms occupy the 18e position with the fractional coordinates of (x, 0, 1/4) and that carbon atoms occupy the 6b position with the fractional coordinates of (0, 0, 0). 24, 25) In this structure, the Ni atoms form a hexagonal lattice and the carbon atoms occupy one-third of the octahedral interstitial site of the Ni hexagonal lattice. Super-lattice peaks have been observed for Ni carbide film with the Ni 3 C-type structure by the electron diffraction. 24, 25) In addition, such peaks has been observed recently in the X-ray diffraction pattern of Ni carbide nanoparticles with the Ni 3 C-type structure precipitated in the solution, 23) although these are not indicated in the X-ray diffraction pattern in the ICDD database. 12, 17) Thus the X-ray powder diffraction pattern for the specimen synthesized with 50 g/L PVP was analyzed by Rietveld analysis by using the structure model of Ni 3 C mentioned above. The refined results of the Rietveld analysis are shown in Fig. 6 . In the figure, the cross and the solid line stand for the observed and calculated patterns, respectively. The dotted curve at the bottom denotes the difference between the observed and calculated data. The carbon atom occupation was treated as a free fitting parameter. From the difference between the observed and calculated patterns, the reliability factors R wp and R B as well as the goodness of fit indicator S were evaluated. The inset shows the refined results enlarged in the 2ª range between 25 and 55°. Excellent agreement is obtained by using the structure parameters given in Table 1 . Note that the small diffraction peaks at 2ª = 26.2, 35.7 and 47.8°are also assigned to 012, 104 and 202 super-lattice peaks of the Ni carbide with the Ni 3 C-type structure. Accordingly, the specimen synthesized with 50 g/L PVP are mainly composed not of metallic Ni with the hexagonal structure but of Ni carbide with the Ni 3 C-type structure. Finally, we discuss the influence of PVP on the formation of Ni carbide with the Ni 3 C-type hexagonal structure. For the specimen synthesized without PVP, the values of a and c were evaluated to be about 4.582 and 12.994 ¡, respectively, from the data shown in Fig. 2(a) . These values are very close to those for the specimen synthesized with 50 g/L PVP, indicating that the carbon content in the hexagonal phase for the latter is almost the same as that for the former. In other words, the hexagonal phase in the specimen synthesized without PVP is also mainly composed of Ni carbide with the Ni 3 C-type structure. Consequently, the volume fraction of Ni carbide is fundamentally influenced by the addition of PVP. The surface area of the specimen becomes larger with increasing amounts of PVP, as can be understood from Fig. 1 . Such change of particle morphology accelerates the supply of carbon from the surface. Therefore, it can be concluded that the enhancement of Ni carbide formation due to the addition of PVP is closely related to the suppression of aggregation.
Conclusion
Nanoparticles of about 50 nm in diameter were obtained by the reduction of Ni salt in a polyol solution with 50 g/L polyvinylpyrrolidone (PVP), though the specimen synthesized without PVP consisted of aggregated particles about 600 nm in diameter. Diffraction peaks of the hexagonal and fcc structures were observed for the specimen synthesized without PVP. No peaks assigned to the fcc structure and no spontaneous magnetization were observed for the specimen synthesized with 50 g/L PVP. Additionally, small peaks were observed in the X-ray diffraction pattern at 2ª = 26.2, 35.7 and 47.8°, which originated not from the impurity phase but from the hexagonal phase. The hexagonal phase was identified as Ni carbide with the Ni 3 C-type structure by the Rietveld analysis of X-ray diffraction pattern, although these peaks were not indicated in the International Center for Diffraction Data (ICDD) database. Consequently, the formation of Ni carbide nanoparticles with the Ni 3 C-type structure in the polyol solution was enhanced by the addition of PVP. The difference between the observed and calculated data is shown at the bottom by the dotted curve. Inset shows the X-ray diffraction patterns enlarged in the 2ª range between 25 and 55°. Table 1 Crystal structure parameters of the specimen synthesized using 50 g/L PVP: the lattice constants a, b, c, the frictional coordinates x, y, z, the occupancy g and the isotropic displacement parameter B, together with the reliability factors R wp and R B and the goodness of fit indicator S. 
